An interface to ADM1 was developed to estimate the solid waste composition from its practical characteristics. The interface was based on COD, elemental, charge and covalent bond balances to conceal any error in collected characteristics from different sources. The interface was validated by reported characteristics of manure and food wastes and determined with relevant accuracy the wastes' composition of carbohydrates, proteins and lipids. The benefit from the interface application with ADM1 is illustrated through virtual case studies of co-digestion and comparison of existing high solids digester designs for given solid waste characteristics. Thus the developed interface serves as a tool for early and efficient decision on technology selection of high solids digestion.
INTRODUCTION
Substrate composition information is important for simulating and optimizing anaerobic digestion processes and reactors. Substrate composition determines the process pathways and influences the biofilm development in high rate anaerobic reactors such as Fluidized Beds (FB) and Upflow Anaerobic Sludge Bed reactors (UASB) (Garcia-Encina and Hidalgo, 2005) . The substrate composition is even more important and considered as the bottle neck for high solids digestion due to the importance of the hydrolysis step (Hartmann and Ahring, 2006; Johansen and Bakke, 2006) . Also, hydrolysis rates differs significantly (Mata-Alvarez, 2000) for particulate components, e.g. carbohydrates, proteins and lipids.
In 2002, the International Water Association (IWA) Task Group for Mathematical Modeling of Anaerobic Digestion Processes developed the Structured Anaerobic Digestion Model no.1 (ADM1) to describe the different process pathways in detail. The model is structured with disintegration and hydrolysis, acidogenesis, acetogenesis and methanogenesis steps. According to the ADM1 technical report (Batstone et al., 2002) , disintegration is mainly included to describe degradation of composite particulate material with lumped characteristics (such as primary or waste-activated sludge), while the hydrolysis steps are to describe well defined, relatively pure substrates (such as cellulose, starch, lipids and protein feeds). Considering the fact that it is neither possible to fix the waste to one lumped characteristic nor practical to characterize it as pure substrates, this paper presents an interface that is developed to dynamically calculate the ADM1 input from practical (i=1:P+Q and j=1:n) that are calculated for each conversion (conv. j), e.g. conversions to lipids, proteins, carbohydrates, etc. According to Vanrolleghem et al. (2005) and for known influx of the practical characteristic, ν i,j and ρ j can be calculated from Equations (1) and (2). Consequently, the outflux to the model can be calculated by Equation ( are the composition matrix elements. They are the mass fractions of elements, Theoretical Oxygen Demand (ThOD), and charge for each component and measurement.
The composition matrix of ADM1 was updated by considering the inorganic phosphorus component and additional elemental composition of phosphorous according to Zaher et al. (2006) .
Practical measurements.
The CBIM was updated to interface ADM1 to a set of practical measurements according to Kleerebzem and Van Loosdrecht (2005) . The practical set of measurements was selected so that they could be related to the ADM1 components. To build the transformer model, a basic structure is suggested for each measurement as shown in Figure 1 . Ordered maximization of conversions. The interface extends the CBIM using a maximization concept that was applied by Copp et al. (2003) for interfacing ADM1 with the Activated Sludge Model no.1 ASM1 (Henze et al., 2000) . In this paper, maximization was applied to the interface using a predefined order consisting of volatile fatty acids (VFA), sugars, lipids, proteins, and then carbohydrates. Maximization was done by verifying that Equation (4) was true before calculating j ρ from Equation(2). If shown false, three calculation steps had to be made. First, j ρ was calculated according to Equation(5). Second, the remaining fluxes were added to the inorganic components. Third, other rates ( , 1: i i j n ρ = + ) were assigned a value of 0.
Building the Model Transformation Matrix
The calculated transformation and composition matrices are listed in Table 3 . The practical measurements could be presented as individual Petersen matrix components because of the suggested covalent bond representation and practical measurement composition. Model inorganic components were sourcing the C, N and P through all conversions. However, stoichiometric parameters were calculated through all conversions with a minimum yield of model inorganic components. Also, OH -and H + ions were sourcing the O and H elements, respectively. Both ions comprise the water molecule that is frequently needed to extend the practical measurements to the complete structure of organic components. The charge balance was sourced by anions. Estimating the anions and cations in the influent was needed for the model pH calculations. Table 4 shows zero or small errors achieved in the continuity check of COD, all elements, and charge. In addition, the balance of the covalent bonds over all of the conversions to organic components helped in estimating the inert composition and attaining a balance of zero (Table 5) . 
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Validation of substrate conversion
To validate the interface estimates of solid waste composition, practical characteristics were collected for several types of manure and food wastes. Accordingly, the interface was used to calculate the different wastes composition (carbohydrates, proteins and lipids). The interface results were comparable with the measured composition reported for the same waste types. Compositions were reported in literature as unit of mass per unit of mass or volume of substrate. This is generally to conform to the definition of the proximate analysis that is designed for food types. COD units were used to conform to the composition suggested in the interface and the model units. In addition to the benefit of achieving the COD and elemental balance to conceal any errors in the practical characteristics, the use of COD units avoided inconsistency in mass balance due to water content in complex substrate molecules or moisture content. For instance, Kayhanian et al. (1996) illustrated the importance of including a mass correction parameter when modeling high solids digestion using mass units due to the considerable mass reduction and water evaporation. Table 6 lists the practical characteristics of 5 manure types for which carbohydrate and protein compositions could be found in literature (Chen et al., 2003) . The practical characteristics are collected from different sources (Neitsch et al., 2001; ASAE, 1998; USDA, 1996) as indicated. In addition to available on-line libraries that list practical characteristics of manure and solid wastes, in general, practical measurements for almost all types of manure were available from the USDA (USDA, 1996) . However, only the listed five types are considered here for validation. (Neitsch et al., 2001 ; ASAE, 1998) ** Except dairy manure, data are collected from (USDA, 1996) *** From analysis reported in (Chen et al., 2003) **** Checked and found consistent with standard lab analysis phosphorus (TP) was added (USDA, 1996) to enable the estimation of lipids by the interface assuming phospholipid composition. TKN of carrots was not determined and thus the value was added using data from the USDA (USDA, 1996) . The lipids content of banana was corrected according to USDA data as well (USDA, 2005) . Carbohydrates did not include sugars since only the particulate forms were considered. 
High solids digestion models
As can be found in Vandeviviere et al. (2002) and Lissens et al. (2001) , there are mainly three designs that are commonly used for high solids digestion, and these are illustrated in Figure 2 .
Figure 2: Models for existing high solids digesters designs (A illustrates the Dranco design, B the Kompogas and BRV designs, and C the Valorga design)
Models will be built for each design using both the interface and ADM1. Aquasim ® software (Reichert, 1998) was used as the simulation platform. The interface was used to generate the ADM1 input and, therefore, enabled the technology selected to treat a particular solid waste of known characteristics.
In Design A (Dranco process) the mixing occurs via recirculation of the wastes extracted at the bottom end, mixing with fresh wastes (one part of fresh waste for five to six parts of digested waste), and pumping to the top of a plug flow reactor. As shown schematically, the plug flow reactor is modeled as 5 reactors in series with a recycling of the effluent from the last reactor to the inlet of the first one.
Design B (Kompogas and BRV designs) was modeled similarly but with some update. The update considered additional bifurcation and recycling of a part of the bacterial population as indicated in the scheme of Design B. The bacteria recycle was assumed in this example to be 50% of the bacterial population in each compartment to account for the re-suspension that occurred from the internal mixing in the reactor.
Although Design C (Valorga design) applies a baffle in the reactor to act as a plug flow it is modeled as a single CSTR compartment. Later in the discussion section it will be shown that this assumption was valid.
The three designs were applied to dairy manure characteristics as listed in Table 6 in addition to more analysis of the liquid part. The liquid content parameters were CODs = 5000 gCOD.m -3 , VFA = 4146 g.m -3 , ammonia nitrogen 715 gN.m -3 , bicarbonate alkalinity = 515 mol.m -3 and total alkalinity (cation) concentration of = 300 equ.m -3 .
Virtual case studies
This section is devoted to simulation case studies to illustrate the practical impact of developing the interface. For illustration, two solids wastes were considered. Dairy manure and potato food wastes were considered with their characteristics listed in Table 6 and Table 7 , respectively. Reactor configurations were considered according to the three applied high solids digestion as illustrated in Figure 2 . All virtual experiments (simulations) were done using a liquid reactor volume of 1000 m 3 . Two case studies were considered. The first case study illustrated the benefit that can be achieved by co-digestion of two different wastes while the second case study compared the different high solids digester designs and highlights the effect of mixing and maintaining the bacterial population in the reactors.
The HRT and COD load were varied as shown in Figure 3 . All steps in the simulation case studies were considered as consecutive steady state in order to avoid influence of transition dynamics for clearer comparisons. An update was applied to the ADM1 model to produce an inert fraction from the carbohydrates hydrolysis. This fraction was set to 0.02 according to the ratio of lignocelluloses to total carbohydrates. All model fraction parameters were updated according to the general substrate elemental composition that is suggested in the interface. 
RESULTS AND DISSCUSSION
The practical characterization of different types of manure according to USDA (USDA, 1996) was used as the interface input. The interface output of protein and carbohydrates is comparable to the reported values in Chen et al. (2003) for the same manure types as shown in Figure 4 . The Pearson's correlation coefficients (r) for carbohydrate and protein estimates were 0.83 and 0.95, respectively, as compared to reported carbohydrates and proteins values. Although, the reported composition and characteristics are coming from different samples and analyses, the interface showed high correlation. Therefore, the recorded databases of waste characteristics can be used in model based feasibility studies of high solids digestion. Figure 5 shows that applying the interface to food waste samples can lead to better results. For example, the carbohydrate results had high correlation with the reported values, r =0.98 and the estimates of proteins from food waste showed less correlation to the measured proteins, r = 0.78, although in this case data from the same samples were used. Buffiere et al. (2006) measured protein by a colorimetric method that is calibrated on a single type of component (bovine serum albumin). Also, it was stated that the ratio of protein/TKN varies which highlights the advantage of using all elemental balance and COD to conceal such errors. Moreover, Total Organic Carbon (TOC) was not analyzed and therefore the presented results did not apply a carbon balance, which is unfortunate in that carbon is related to the three substrates and it would have helped to conceal the error. Although phosphorus data was determined from a recorded database for agriculture wastes (USDA, 1996) and it is the most correlated element to lipids, lipids estimates shows high correlations with reported values, r = 0.97. These lipids results show, again, that online and reported databases of solid wastes' practical characteristics can be safely utilized to predict the substrate composition since the interface conceals the possible errors through elemental mass and COD balances. 
Co-digestion case study
In this case study a CSTR configuration was assumed, i.e. as assumed for reactor Design C (Valorga). Both dairy manure and (potato) food waste have high COD concentration and, therefore, OLR is the limiting factor for design. Several HRT were simulated from 100-18 days. Figure 6 shows the main simulation results of digesting dairy manure as compared to codigestion with food waste (Potato) at the designed HRT and starting from the same initial conditions. Generally, a larger HRT is needed to achieve better COD removal efficiency while a lower HRT and higher OLR achieves a higher gas production rate but lower methane content. The process is more optimal when it is operated at different OLR and HRT than if only the biogas production rate was regarded (Hartmann and Ahring, 2006) . Co-digestion of manure with potato waste (with 4:1 ratio) significantly improved the process performance although the OLR was increased. The potato waste had higher COD than dairy manure, but it is mainly carbohydrate that is easily hydrolyzed and sugar that is easily degradable. The improvement due to co-digestion is even larger with an increase of the OLR in terms of COD removal, gas production and methane content. The C:N ratio of the potato waste was much larger and, therefore, less ammonia inhibition was effected compared to digesting dairy manure alone. The ADM1 ammonia inhibition factor was larger with co-digestion which implies less toxicity. Digesting potato waste alone or at higher % for methane production was not possible though. The alkalinity in dairy manure was necessary to maintain the pH in the optimum range around 7 across the entire simulation time (results are not shown). However, with the addition of cation alkalinity it was possible to produce higher hydrogen from the potato waste alone. 
Technology Selection case study
The three reactor designs for high solids digestion were modeled as schematically illustrated in Figure 2 . The three reactors' performance in treating dairy manure is illustrated by the simulation results in Figure 7 .
Figure 7 Comparison of the existing designs of high solids reactors treating dairy manure
Both Design A and C that were simulated as plug flow (5 CSTR's in serious with recycle) and CSTR, respectively, show the same COD removal and gas production. Design B shows better efficiency due to the internal mixing modeled by recycling 50% of the biomass for each of the 5 compartments. This illustrates the benefit of mixing as long as it re-suspends and maintains higher bacterial concentration in the reactor. Although all uptake reactions are modeled with Monod kinetics, a high concentration of substrates keeps the reaction rate's maximum at zero order which does not make a difference between CSTR and plug flow, especially at steady state conditions. Rapid dynamics may show different results. The only way for improving high solids digestion is by maintaining high concentrations of bacteria. However, when the hydrolysis is following a higher order kinetics, better performance of plug flow reactors would be shown. The high recycling flows to maintain the bacteria in the front end of the reactor reduces the dispersion effect and reduces the possible improvement using plug flow configurations. There was no difference between the three reactors in terms of methane content or ammonia inhibition. Methane content depends mainly on the substrate composition. Shock loads of toxicities may show different performance.
